Abstract. Enhanced aldehyde dehydrogenase (ALDH) activity has been shown to serve as a hallmark for cancer stem cells (CSCs). Recent evidence suggests that its role as a stem cell-related marker has come down to the specific isoform. However, little is known about the specific ALDH isoform contributing to aldefluor activity in gastric cancer. In this study, we isolated ALDH bright cells from 2 human gastric cancer cell lines MKN-45 and SGC-7901 by using an Aldefluor assay and found elevated self-renewal, differentiation and tumorigenicity, as demonstration of stemness characteristics. We also found that ALDH bright cells expressed decreased levels of E-cadherin but increased levels of Snail and Vimentin, indication of an epithelial-mesenchymal transition (EMT) phenotype which may be responsible for the enhanced metastatic potential. Since further research and prognostic application based on ALDH prevalence require the quantification of the specific ALDH isoform, we characterized the expression of all 19 ALDH isoforms in the sorted gastric cancer cell lines by quantitative real-time polymerase chain reaction (qRT-PCR). Compared with the non-stem counterparts, robust upregulation of ALDH-3A1 was observed in these gastric cancer stemlike cells. Furthermore, we performed immunohistological analysis on 93 fixed patient gastric tumor samples and found that ALDH-3A1 expression correlated well with gastric cancer dysplasia and grades, differentiation, lymph node metastasis and cancer stage. Our data, therefore, provide strong evidence that ALDH-3A1 is a novel gastric cancer stem cell related marker with potential prognostic values and demonstrate a clear association between ALDH-3A1 prevalence and gastric cancer progression.
Introduction
Gastric carcinoma is a highly aggressive tumor with approximately 50% of cases occurring in Eastern Asia, mainly China (1, 2) . Although the current operation techniques, chemo-and radio therapies are continuously improving, the 5-year survival rate remains low due to the highly invasive and metastatic properties of gastric carcinoma. Therefore, understanding the crucial events underlying gastric tumorigenesis and progression is urgently needed, which could pave the way for the future anti-anticancer drug discovery and efficacious therapeutic strategies.
It is well known that tumors are composed of heterogeneous cell populations (2) (3) (4) (5) , which are inconsistent in tumor-propagating ability. Cancer stem cells, also referred to as tumor initiating cells (TICs), which exhibit the self-renewal capacity and highly tumorigenic ability are responsible for tumor invasion, relapse and therapy resistance (6) (7) (8) (9) . Increasing evidence has suggested that high aldehyde dehydrogenase activity can be used to characterize cells with CSC properties (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . The human ALDH enzymes are a family comprised of 19 isoforms (23, 24) , mainly functioning in oxidizing aldehydes to their corresponding carboxylic acid and converting retinol to retinoic acid (RA) which would activate the RA signaling pathway. Among the various ALDH isoforms, ALDH-1A1 is the most extensively investigated isoform and has always been considered to be the cause of aldefluor activity (18) . However, recent studies have shown that not all tumors exhibit the correlation between ALDH-1A1 prevalence and tumor progression, therapeutic resistance or prognosis estimation, that is, ALDH activity is not necessarily ALDH-1A1 specific, but could be attributed to other ALDH isoforms (17, (25) (26) (27) (28) (29) (30) . Therefore, identifying the individual responsible ALDH isoforms in each cancer is of vital importance and can be the foundation of the following research. ALDH bright gastric cancer cells have recently been demonstrated to possess certain CSC properties (31) (32) (33) . However, the existing research all regarded ALDH-1 as being responsible for aldefluor activity in gastric cancer, although ALDH-1 Aldehyde dehydrogenase 3A1 is robustly upregulated in gastric cancer stem-like cells and associated with tumorigenesis families contain 6 members (23, 24, 34) . Few reports identified the specific isoforms responsible for ALDH activity in gastric carcinoma. We therefore investigated the expression of 19 human ALDH isoforms in ALDH bright gastric cancer cells which have been proved possessing certain stemness properties. Our study shows that ALDH-3A1, but not ALDH-1A1 is robustly upregulated in gastric cancer stem-like cells. Moreover, high levels of ALDH-3A1 expression associates with poorly differentiation degree in gastric cancer tissue which suggests that certain level of dedifferentiation may have occurred. Collectively, our research reveals that the aldefluor activity in gastric cancer stem-like cells is primarily due to ALDH-3A1 and its expression correlates well with gastric cancer progression. 6 harvested gastric cancer cells were resuspended in 500 µl aldefluor buffer containing 2.5 µl ALDH substrate and incubated for 45 min at 37˚C. The specific ALDH inhibitor diethylaminobenzaldehye (DEAB) served as a negative control. For FACS sorting, cells were labeled using Aldefluor kit and the desired populations were sorted by a FACS Aria cell sorter (BD Bioscience).
Materials and methods

Cell
Tumorsphere formation assay. For sphere formation assay, cells were cultured in 100-mm ultralow attachment plates (Corning) at a density of 2,000 cells/ml in DMEM with nutrient mixture F-12 (Invitrogen), supplemented with 1% N2 supplement (Gibco), 2% B27 supplement (Gibco), 100 ng/ ml epidermal growth factor (Pepro Tech), 20 ng/ml basic Immunofluorescence confocal microscopy. To analyze cell differentiation, the sorted ALDH bright cells were seeded on glass coverslips and cultured in DMEM containing 10% FBS for 7-10 days. The cells were then fixed in 4% paraformaldehyde for 10 min at room temperature, permeabilized with 0.1% Triton X-100 for 1 h, blocked in 10% goat serum in PBS for 1 h and labeled overnight at 4˚C with primary mouse anti-human CK-18 antibodies (Zhongshan Gold Bridge Biotechnology) and mouse anti-human CD44 antibodies (Thermo) respectively. After washing the cells with PBS, the cells were incubated for an additional 1 h at room temperature with goat anti-mouse IgG conjugated Alexa 594 (Invitrogen) and goat anti-mouse IgG conjugated FITC (Invitrogen) respectively. Cell nuclei were counterstained with DAPI. Samples were then observed and photographed under immunofluorenscence confocal microscope (Zeiss). Lung metastasis assay. For generation of lung metastasis, 1x10 6 sorted ALDH bright and ALDH low were resuspended into 300 µl PBS and injected through the lateral tail vein of 6-week-old NOD/SCID mice. All mice were sacrificed at the 16 th week, and the lungs were harvested and examined for tumor nodules.
RNA extraction and qRT-PCR analysis.
The total RNA of cells was extracted with RNAiso reagent (Takara). cDNA was synthesized using equivalent amount of total RNA (1 µg) with primers in a 20-µl reverse transcriptase reaction mixture (Takara). The primers were designed and purchased from Invitrogen, the sequences of each primer pair were listed in Tables IV and V. qRT-PCR was performed using LightCycler ® 480 Real-Time PCR system. The expression of each gene was calculated using 2 -∆∆CT method. Results were normalized against the level of GAPDH. All assays were performed in triplicates and results were plotted as the mean ± SD.
Western blot analysis. Cultured cells were lysed with 200 µl of ice-cold RIPA buffer (Beyotime) containing 1 mM PMSF.
Proteins were resolved by SDS-polyarylamide gel and transferred to PVDF membranes (Millipore). The membranes were then blocked with 5% non-fat milk and were then incubated with primary antibodies overnight at 4˚C. The membranes were washed and incubated with appropriate HPR-conjugated secondary antibodies for 1 h at room temperature. Protein Table IV . Real-time PCR primers used for all 19 human ALDH isoforms and GAPDH.
Genes Sequences
bands were detected by using Pierce ECL Western blotting substrate (Thermo). GAPDH or TUBLIN were used as a loading control. The primary antibodies used for western blot analyses were as follows: Statistical analysis. Statistical analysis was performed using SPASS statistical analysis software Version 17.0 (SPSS). Student's t-test was used to examine the statistical significance when two groups were compared. To determine differences among 3 groups, an ANOVA analysis was performed. P-value <0.05 was regarded as statistically significant.
Results
ALDH bright gastric cancer cells exibit cancer stem-like cell properties.
We first examined the proportion of ALDH bright cells in the six human gastric cancer cell lines using Aldefluor kit and found that each of the 6 gastric cancer cell lines (MkN-45, SGC-7901, HGC-27, AGS, BGC-823, MGC-803) contained ALDH-positive cells (Fig. 1A) . Compared with the DEABtreated control groups, high ALDH activity was detected in 22.1% of the MKN-45 cells, 18.3% of the SGC-7901 cells, 1.40% of the HGC-27 cells, 1.25% of the MGC-803 cells, 1.24% of the AGS cells, 0.36% of the BGC-823 cells (Fig. 1D) . We therefore chose MkN-45 and SGC-7901 for the followup research taking advantage that both cell lines contained prominent ALDH bright subpopulations (indicated by the bright green fluorescence), making the ALDH activity based separation more efficient and convincing (Fig. 1B and C) . We present here that ALDH bright cells isolated from the 2 gastric cancer cell lines showed higher capabilities of tumorsphere formation compared with ALDH low cells. These spheres could be passaged for at least 3 consecutive generations with an increasing forming efficiency, while the ALDH low cells did not form typical tumorspheres, only a few loose cell aggregates ( Fig. 2A) (Fig. 2B) . The ALDH bright cells from MkN-45 and SGC-7901 also showed multi-potent capacity of differentiation by expressing decreased level of CD44 but increased level of CK-18 after induction of differentiation (Fig. 2C) . ALDH bright MkN-45 and SGC-7901 were also found to express higher levels of stem cell-related markers including OCT-4, BMI-1, NANOG than ALDH low cells (Fig. 2D) , 5/6 versus 0/6, 6/6 versus 0/6; 5x10 3 , 6/6 versus 1/6, 6/6 versus 2/6, respectively) ( Fig. 2E and Table I ). Also, the volume of ALDH bright cell derived xenografts were larger than those of ALDH low cell-derived (Fig. 2E) .
ALDH bright cells display enhanced metastatic ability correlating with a mesenchymal transition phenotype.
Accumulating evidence suggests that CSCs are responsible for tumor relapse, we therefore examined the metastatic capabilities and the expression of related molecules in the sorted ALDH bright cells. The ALDH bright cells derived from MkN-45 and SGC-7901 formed lung metastasis in four of six mice, and five of six mice, respectively, whereas few metastasis was formed by ALDH low cells (Fig. 3A and Table II) . Gene expression analysis further showed that MkN-45 ALDH bright cells express higher levels of Vimentin and Snail but lower level of E-cadherin, similar results were also obtained in SGC-7901 ALDH bright cells (Fig. 3B) , suggesting EMT might be responsible for their enhanced metastatic capabilities.
Specific increase in ALDH-3A1 expression in ALDH bright
subpopulations. Since the ALDH isoform responsible for Aldefluor activity may vary depending on cancer type and tissue origin, we characterized the gene expression of all 19 ALDH isoforms between ALDH bright and ALDH low cell populations sorted from MkN-45 and SGC-7901. Our results showed that among all the various human ALDH isoforms, ALDH-3A1 was the most elevated isoform in the sorted MkN-45 and SGC-7901 cells (15.9-and 11.2-fold, respectively) ( Fig. 4A and B) . In addition, several other isoforms were also found upregulated including ALDH-16A1, ALDH-2, ALDH-3B1, ALDH-4A1, ALDH-3B2 in MkN ALDH-1A1 were undetectable until cycle 35 for two cell lines. The expression of ALDH-3A1 was subsequently confirmed by western blot analysis (Fig. 4C) , immunocytochemical (ICC) staining (Fig. 4D ) and IHC staining (Fig. 4E) .
ALDH-3A1 expression associates with gastric cancer evolution.
To understand the possible role of ALDH-3A1 in the development and progression of gastric cancer, we examined the expression of ALDH-3A1 in a set of primary gastric tumors of different severity and metastatic gastric tumors. We were able to show here that ALDH-3A1 could not be detected or was only slightly expressed in the basal layer in normal gastric epithelia, but was detectable at low levels in the gastric dysplastic lesions, then the staining intensity of ALDH-3A1 progressed from weak to strong with increasing grades of dysplasia and carcinoma ( Fig. 5B and C) . The expression of ALDH-3A1 was associated with histological degrees (P<0.001), N stage (P=0.015) and cancer stage (P=0.011) of gastric cancer (Table III) . Considering that CSCs play critical roles in tumor relapse, we subsequently examined the level of ALDH-3A1 in several pairs of local and lymph node metastatic gastric cancer and found higher levels of ALDH-3A1 in metastatic lesions compared with the local carcinomas (Fig. 5D) . Collectively, these results indicate that the expression level of ALDH-3A1 correlates with the increasing severity of gastric cancer. 
Discussion
In this study, we provide strong evidence that ALDH bright gastric cancer cells possess cancer stem-like properties and revealed for the first time that ALDH-3A1 is the highly expressed isoform in gastric cancer stem-like cells. Together with IHC analysis in tissue level, we show that ALDH-3A1-expressing cells play a vital role in the initiation and progression of gastric cancer. We convincingly demonstrate that ALDH-3A1 functions as a pivotal enzyme in regulating gastric cancer stem-like population, ALDH-3A1 prevalence therefore might be used as a novel indicator to predict gastric cancer patient outcome. The human ALDH enzymes are a family comprised of 19 isoforms, mainly functioning in oxidizing various aldehydes to their corresponding carboxylic acids (27, 34) . High ALDH activity was originally identified as a marker for hematopoietic stem cells (25, 35, 36) and is thought to play a vital role in the self-renewal and differentiation of hematopoietic progenitor cells via converting retinal to retinoic acid (37) . Recent studies suggest that high levels of ALDH activity characterize a subpopulation of cells with CSC properties in several malignancies (14, (19) (20) (21) 38, 39) . Moreover, enhanced ALDH activity predicts poor patients outcome in breast cancer (11, 22, (40) (41) (42) , lung cancer (15, 40) , and esophageal squamous cell carcinoma (43) , which is consistent with CSCs being responsible for cancer evolution and metastasis. katsuno et al (32) have reported that ALDH bright cells derived from HSC-39 and OCUM-2ML gastric cancer cell lines exhibited certain stem cell traits but little is known about traits of ALDH bright cells in other gastric cancer cell lines. In this study, we isolated ALDH bright and ALDH low subpopulations from 2 different gastric cancer cell lines MkN-45 and SGC-7901. Our data show that these sorted cells have capabilities of self-renewal, multilineage differential potential, high tumorigenicity and express high levels of stemness associated hallmarks, thereby representing a more reliable cancer stem-like cell marker in gastric cancer. We also found that the ALDH bright cells are more invasive and exhibit a phenotype of EMT by expressing increased level of Vimentin and Snail but decreased level of E-cadherin, in agreement with EMT being able to endow tumor cells with stem cell-like properties. We have previously reported that Snail is required for the maintenance of stem cell-like phenotype in pancreatic carcinoma (44) , as such, it would be interesting to examine its contributions to gastric cancer stem-like compartment, which might provide novel therapeutic strategies.
With our discoveries that ALDH bright gastric cancer cells exhibit stemness charateristics and may contribute to tumor invasion, we hypothesized that the activity of ALDH in tumor might associate with gastric tumorigenesis and provide clinical prognostic values in gastric cancer patients. Generally, CSCs quantification in clinic requires immunohistological methods for detection of the specific protein expression in fixed tumor tissue. Therefore, the prognostic application by evaluating ALDH prevalence requires detection and quantification of ALDH expression at protein level in gastric tissue, but not activity. Although the Aldefluor assay is able to identify the celluar ALDH activity, it is not practical for clinical evaluation of ALDH at protein level. More importantly, the Aldefluor assay has been proved to be not merely ALDH-1A1-specific. Increasing evidence has demonstrated that the ALDH isoforms responsible for Aldefluor assay may vary depending on the cell origin and tumor types, the reason of which could be attributed to the cross-reactivity between the similar amino acid sequence upregulation of ALDH-3A1 in both MkN-45 and SGC-7901 derived ALDH bright cells compared with ALDH low cells. In the tissue level, the staining intensity of ALDH-3A1 elevates along with increasing severity of gastric cancer, suggesting the expression of ALDH-3A1 may have resulted in certain level of dedifferentiation in which process gastric cancer stem-like cells may have been produced and contributed to gastric tumorigensis. Particularly, enhanced expression of ALDH-3A1 was observed in gastric cancer metastatic lesions compared to the matched primary carcinoma. This fits well with ALDH bright cells possessing increased metastatic capabilities with EMT phenotype. In addition, ALDH-1A1 expression could not be detected in sorted gastric cancer stem-like cells, suggesting ALDH-1A1 might not function in gastric cancer stem cell biology, thereby could not be deemed as a cancer stem cell related marker in gastric cancer. We speculate this possibility could account for the negative follow-up results of applying ALDH-1A1 prevalence to predict gastric cancer patients outcome.
ALDH-3A1 is an important isoform of ALDH family located in the cytoplasm (27) and shows multiple catalysis including serving as a corneal crystalline to protect eyes from UV radiation, contributing to the maintainance of hematopoietic stem cell population, regulating cell proliferation and apoptosis and conducing to the chemotherapeutic drug resistance (47) (48) (49) (50) (51) (52) (53) (54) . All these functions in particular have been linked to tumor evolution. We demonstrate here that ALDH-3A1 is involved in the process of malignant transformation, tumor relapse in gastric cancer. These findings are consistent with those of Yan et al and Calderaro et al, who have shown upregulation of ALDH-3A1 correlated with tumorigenesis in hepatocellular carcinoma and protate cancer, respectively (46, 55) . It is necessary to clarify the mechanisms underlying ALDH-3A1 prevalence and gastric cancer development. With the recent discovery that EMT transcription factors, such as TWIST could promote cancer stem-like cells by directly binding to E-box sequences in promoter region of CD24 (56) , it would be intriguingly to clarify whether the elevated EMT transcription factors would directly act on the ALDH-3A1 promoter region thereby contributing to the maintainance of ALDH bright gastric cancer stem-like subpopulation. In conclusion, our discoveries identify ALDH-3A1 as a critical CSC marker with potential clinical prognostic application, and demonstrate a clear association between ALDH-3A1 prevalence and gastric cancer evolution.
